Abstract: Temporal theta slow-wave activity (TTA-SW) in premature infants is a specific signature of the early development of temporal networks, as it is observed at the turning point between nonsensory driven spontaneous local processing and cortical network functioning. The role in development and the precise location of TTA-SW remain unknown. Previous studies have demonstrated that preterms from 28 weeks of gestational age (wGA) are able to discriminate phonemes and voice, supporting the idea of a prior genetic structural or activity-dependent fingerprint that would prepare the auditory network to compute auditory information at the onset of thalamocortical connectivity. They recorded TTA-SW in 26-32 wGA preterms. The rate of TTA-SW in response to click stimuli was evaluated using low-density EEG in 30 preterms. The sources of TTA-SW were localized by high-density EEG using different tissues conductivities, head models and mathematical models. They observed that TTA-SW is not sensory driven. Regardless of age, conductivities, head models and mathematical models, sources of TTA-SW were located adjacent to auditory and temporal junction areas. These sources become situated closer to the surface during development. TTA-SW corresponds to spontaneous transient endogenous activities independent of sensory information at this period which might participate in the implementation of auditory, language, memory, attention and or social cognition convergent and does not simply represent a general interaction between the subplate and the cortical plate. Hum Brain Mapp 38:2345-2358, 2017.
INTRODUCTION
The formation of neural networks in the foetus that participate in integrating sensory information is a key element of neuronal development and depends on intimate interactions between genetically determined guidance and activitydependent refinement of synaptic connections [O'Leary et al., 2007; Tritsch and Bergles, 2010] . Spontaneous correlated activity is a ubiquitous feature of the developing nervous system, and is thought to provide a robust source of depolarization prior to maturation of neural circuits [Feller, 2012] . Even before sensory structures become functional, endogenous mechanisms induce cortical bursts of spontaneous activities separated by long quiescent periods. This spontaneous activity in the developing auditory system is necessary for neuronal survival and for refinement and maintenance of tonotopic maps in the brain [Tritsch and Bergles, 2010] . In different functionalities (visual, somatosensory and auditory), some spontaneous activities are independent of all sensory experiences preceding the emergence of visual, auditory and somatosensory abilities, suggesting that isolated neocortical neuronal networks with no sensory inputs are able to generate spontaneous oscillatory patterns and may represent a template for the formation of early functional neuronal ensembles [see Kilb et al., 2011 for review] .
At this stage of development, brain innervation is dual, consisting of the subcortical plate and the developing cortical plate. The cortical system of very young preterm infants is therefore on the verge of transition from endogenous spontaneous processing to sensory-expectant functioning [Kostovic and Judas, 2010] . Synaptic mechanisms are still largely immature in these infants . From 20 weeks of gestational age (wGA) onward, in vitro subplate activity of infants consists of bursts of action potentials separated by quiescent periods during which stimulation of thalamic afferents may trigger stimulusdependent action potentials . Before 26 wGA, the subplate is connected with the quiescent thalamocortical afferents with which they establish the first synapses [Kostovic and Judas, 2010; Kostovic et al., 2015; Zhao et al., 2009] . The subplate progressively involutes from 28 to 32 wGA and almost completely disappears at the end of the first postnatal year [Judas et al., 2013; Kostovic et al., 2011] . The activity of this transitional innervation by the subcortical plate could participate in the development of the plasticity and functionality of the cortical plate [Ayoub and Kostovic, 2009; Kostovic and Judas, 2010; Kostovic et al., 2015; Moore et al., 2011] . Data obtained from in vitro thalamocortical slices are in favour of an active role of the subplate in the generation of spontaneous cortical activity in the auditory system [Zhao et al., 2009] .
These results in animals and humans underlie the rapid dynamics of the development of sensory cortical networks including auditory networks. Nevertheless, NIRS and ERP studies in very premature infants, from 28 wGA onward, suggest that the functional capabilities are much more mature than previously described [Mahmoudzadeh et al., 2013 . Only limited human data are available to assess the temporal and spatial organization of these endogenous sensory-independent mechanisms, described in animals during neurodevelopment. Most studies were performed on premature infants aged over 28 wGA [Chipaux et al., 2013; Colonnese et al., 2010; Milh et al., 2007] , that is, at a time when thalamic afferents already connect with cortical plate neurons [Kostovic and Judas, 2010] , providing sensory inputs for auditory discrimination, for example Mahmoudzadeh et al. [2013 Mahmoudzadeh et al. [ , 2016 .
Noninvasive assessment of the functional dynamics of brain maturation in preterm infants is mainly based on electroencephalographic analysis. The dynamics of maturation of neural networks in premature infants are characterized by discontinuity in neuronal network activities and the appearance of specific neural biomarkers [Lamblin et al., 1999; Wallois, 2010] . Transient frontal activities [24-27 wGA], temporal theta activity coalescent with slowwave activity (TTA-SW) [24] [25] [26] [27] [28] [29] [30] [31] [32] , delta brushes [30] [31] [32] [33] [34] [35] [36] and "encoches frontales" [34-42 wGA] are successively observed. All of these activities are transient successive generators that appear and disappear during early development in different brain areas. In the temporal areas, TTA-SW are recorded from 24 to 25 wGA onward, independently on both hemispheres and only over temporal structures, while the onset of delta brushes is delayed until 28 wGA with a more widespread distribution [Anderson et al., 1985; Chipaux et al., 2013; Colonnese et al., 2010; Hughes et al., 1987; Milh et al., 2007] . TTA-SW arise with relatively low amplitude. Then, after reaching maximum amplitude and frequency around 28 wGA, their amplitudes gradually decrease and they progressively disappear around the age of 32 wGA during quiet sleep [Biagioni et al., 1994; Lamblin et al., 1999; Vecchierini et al., 2003 Vecchierini et al., , 2008 , while auditory stimuli generate long-latency cortical responses [Mahmoudzadeh et al., 2013 .
In the foetus or premature newborn, the cochlea is functional by 23 wGA. By the 24th to 25th weeks of foetal life, most auditory brainstem neurons are packed with filaments, and their processes are recognizable as immature dendrites [Moore and Linthicum, 2007] .
The first early brainstem auditory evoked potentials can be recorded at least by 25 wGA with different latencies and shapes from those observed in adults, underlining the immaturity of the solicited brainstem networks [Amin et al., 1999] . At the beginning of the third trimester, around the 27th foetal week, the first weak myelin staining is observed in the cochlear nerve between the cochlea and the brainstem [Moore and Linthicum, 2007] . The cortical networks of language exhibit early characteristics of maturity relatively early during development. In fact, the neuronal assemblies of neurons involved in the processing of linguistic information, although still immature in premature infants, use strategies from the age of 28 wGA in response to linguistic stimuli similar to those solicited in adults (habituation mismatch) in brain areas similar to those involved in adult networks (Brocca, Wernicke, planum temporale) [Mahmoudzadeh et al., 2013] . As observed in the visual system, these early networks in the auditory system suggest at least partial anatomical and functional genetic endowment, which might participate in the establishment of early feature maps that initially arise independently of any electrical activities [Crowley and Katz, 2000; Kilb et al., 2011] . Subsequently, as in visual systems, electrical activity is likely to refine the functionality of these auditory pathways [Chiu and Weliky, 2001; Weliky and Katz, 1999] .
r Routier et al. r r 2346 r These initial immature circuits develop early during intrauterine life prior to any sensory stimuli. TTA-SW activities appear at a key point in the development, simultaneously with implementation of the functionality of the auditory pathways, at a time when thalamic afferents are still waiting in the subplate before invading the cortical plate from 28 wGA [Kostovic and Judas, 2010; Kostovic et al., 2015; McAllister, 1999; Zhao et al., 2009] . Unlike delta brushes, TTA-SW are highly specific to temporal areas and have never been recorded over other cortical structures.
The objective of this work was to clarify the spatial organization of these specific TTA-SW to noninvasively assess, at an early stage of development in humans, their possible implications in the implementation of cortical language-networks, independently of auditory stimuli.
To achieve this objective, we first used Low-Density Electroencephalography (LD-EEG) to demonstrate that TTA-SW were independent of auditory stimuli. Source localization of these TTA-SW was then performed using High-Density EEG (HD-EEG) with 40-64 channels in two groups of premature infants (26-30 wGA and 30-32 wGA) in order to localize the generators. Our results were also controlled for different tissue conductivities, head models and methods of source localization. The dual innervation of the brain at this stage of development was also carefully taken into account.
MATERIAL AND METHODS

Participants
This retrospective study was based on High-Density ElectroEncephaloGraphy (HD-EEG, 40-64 electrodes mean: 48.7) analysis of 13 healthy premature infants (Table I) and Low-Density ElectroEncephaloGraphy (LD-EEG, 11 electrodes) analysis of other 15 healthy premature infants, recorded for clinical follow-up between the Gestational Ages of 26 and 32 wGA between December 2014 and June 2015. These infants were divided into two groups according to age (26-30 wGA and 30-32 wGA). Although the groups are identical, the mean inside the groups are slightly different for LD and HD EEG recording (LD-EEG: Group 1: 25.2 6 1.2 wGA: and Group 2: 28.9 6 1.2 wGA; HD-EEG: Group 1: 26.7 6 1.3 wGA and Group 2: 28.7 6 1.3 wGA). EEGs were recorded in the incubator in the Amiens University Hospital neonatal intensive care unit.
All infants had appropriate birth weight, size and head circumference for their term age, an APGAR score greater than 6 at 5 min, normal auditory and clinical neurological assessments and were considered to be at low risk for brain damage. Notably, neurological examination at the time of the recordings had to correspond to corrected gestational age, with no history of abnormal movements. The gestational age, estimated from the date of the last maternal menstruation and ultrasound measurements during pregnancy, was compatible with the cerebral maturation evaluated on the EEG. The temporal dynamics of the occurrence and decay of specific generators of the EEG in premature, such as the TTA-SW the Delta-brush and the frontal transient, together with specific synchronization, discontinuities and amplitude provide the opportunity to clearly define the cerebral maturation according to GA [Andre et al., 2010; Wallois, 2010] .
Brain imaging, particularly transfontanelle ultrasound and standard EEG, had to be normal. Exclusion criteria were a corrected age outside the range of 26-32 wGA and/ or premature infants with neurological lesions such as intraventricular haemorrhage or any parenchymal malformation and/or pathological standard LD-EEG or HD-EEG.
Study Design and Data Acquisition
Low-density EEG (LD-EEG)
Routine LD-EEG was recorded with Deltamed V R amplifiers, with 11 Ag/AgCl surface electrodes placed according 
High-density EEG (HD-EEG)
As resolution of the inverse problem in EEG source localization in premature infants requires a sufficient number of measurement points, we have developed, for many years, painless caps to support a high-density array of sensors that allow HD-EEG recordings with 64 electrodes in premature infants (Medelopt V R ) [Roche-Labarbe et al., 2008] . HD-EEG were recorded at the bedside using Ag/ AgCl surface electrodes and a nasion reference at a sampling rate of 2,048 Hz, amplified by A.N.T V R (Enschede, The Netherlands) and DC-75 Hz filtered. Electrode impedance was kept below 5 kX. The number of electrodes (40-64) was determined by the infant's head circumference in order to maintain a regular inter-electrode space (centre-to-centre) of about 1.5 cm. Because of the rapid brain growth at this age, two caps were used to cover the normal range of head circumference (25-33 cm) during this period. In all infants, a minimum of 40 electrodes were placed on the classical 10-10 points adapted to age and supplementary electrodes were placed on intermediate positions according to head circumference. We avoided using a binaural virtual electrode, which would have been located near the regions of interest and which could have potentially contaminated by passive high-amplitude temporal theta activity. Similarly, a virtual reference electrode consisting of the average of the active electrodes would have reintroduced the TTA-SW in other electrodes, particularly because of the low signal encountered during discontinuities in the contralateral hemisphere. Finally, a Laplacian assembly was not necessary because of the high signal-to-noise ratio of theta activity and their occurrence restricted to only a few electrodes.
Effect of Auditory Stimuli on the Occurrence of TTA-SW
To determine whether or not TTA-SW were sensory driven, we evaluated the effect of click stimuli on the occurrence of TTA-SW in a 15 premature infants using the same protocol as that proposed to demonstrate the sensory driven susceptibility of delta brushes over the temporal areas before 35 wGA [Chipaux et al., 2013] . Two loudspeakers were placed inside the incubators (LogitecV R 20-20 kHz) 10 cm away from the infant's head. Click stimuli consisted of a 4 ms square signal of 5000 Hz at 70 dB using a pseudo-random design every 20-25 seconds to avoid habituation, during both quiet sleep and active sleep. A total of 120 clicks were delivered to each infant over about 40 minutes. On-line synchronization between the 2 systems was performed via a built-in MATLAB procedure, which provides a marker for each click on the EEG acquisition device. The click stimuli period started 15 minutes after a background activity recording (according to the clinical protocol used in Amiens).
Selection of Temporal Theta Activities in Coalescence with Slow Waves (TTA-SW)
To identify TTA-SW, LD-EEG and HD-EEG were analysed by Coherence 3NT (Deltamed V R ) and ASA (ANT V R Software), respectively. Data were bandpass filtered (0.5-40 Hz) and down-sampled to 512 Hz, as this bandwidth eliminates infra-slow activities [Vanhatalo et al., 2002] and any DC current shift. TTA-SW were selected on the basis of descriptions of EEG features of prematurity [Lamblin et al., 1999] . To be eligible, TTA had to be present over temporal electrodes, in groups of at least 2 and coalescent with a slow wave (SW). TTA had to present a theta frequency between 4 and 7.5 Hz and an amplitude greater than 25 mV [Andre et al., 2010; Lamblin et al., 1999] . The Slow waves were selected if and only if they were immediately preceded by at least 2 selected TTA. TTA-SWs were excluded when a concomitant artefact was present.
Peak detection
TTA and SW were manually and separately selected using a marker positioned on the peak of each TTA and on the peak of each SW activities under the electrode providing the highest signal-to-noise ratio. Selection was performed under blinded conditions by three experienced electrophysiologists (FW, LR, MP) and only TTA and SW identified by all three electrophysiologists were finally selected.
Hemispheric selectivity
For HD-EEG source localization, as the EEG activity of premature infants at this stage of development is characterized by its discontinuity and asynchrony, we carefully selected TTA-SW occurring in only one hemisphere, during a period of discontinuity in the contralateral hemisphere. The same procedure was applied to slow waves coalescent with TTA. TTA-SW source localization was performed separately in each hemisphere. At least 10 TTA-SW were selected on HD-EEG for each premature infant (Fig. 1) .
Data Analysis
Effect of auditory stimuli on TTA-SW on LD-EEG A peristimulus histogram (0.5 s bins) was created in MATLAB, cantered (210, 110 sec) over time 0 corresponding to the marker of the TTA-SW for each subject. The effect of 100 clicks per patient was analysed. A grand r Routier et al. r r 2348 r average peristimulus histogram was then plotted for the various subjects.
Statistical analyses were performed with a nonparametric statistical test for paired samples (Wilcoxon test). The 210 to 110 sec around the click stimuli were subdivided in 2 sec interval. The rates of TTA-SW occurrence were analysed according to a baseline reference evaluated from the mean of TTA-SW occurrence during each of the 5 interval preceding the click.
HD-EEG source localization of TTA-SW
The various steps of data analysis are shown in Figure 2 .
Creation of head models. In view of the dynamics of head growth at this age, two magnetic resonance imaging (MRI) head models were adapted to the age (T1 (26-30 wGA) and T2 (30-32 wGA)) of the premature infants. Group 1 consisted of infants between 26 and 30 wGA and group 2 consisted of infants between 30 and 32 wGA. To . These realistic head models were obtained by segmentation of the various layers in order to delineate the 'air-scalp', 'scalp-skull' and 'skull-brain' interfaces [see Roche-Labarbe et al., 2008 for the segmentation method]. The various tissues were identified by segmentation using a combination of greyscale thresholding and a region growing algorithm plus three operators: opening, closing, dilation. Although neonates present low grey-scale contrast between various tissues on MRI images, careful thresholding resulted in satisfactory head modelling. A fourth layer was segmented to account for the effect of cerebrospinal fluid (CSF). CSF was extracted by dilation of the brain, thereby reducing the thickness of the skull. These boundary element head models allow a specific conductivity value to be attributed to each layer. During the segmentation process, anatomical markers (nasion, right and left ears) were manually defined on MRI images. These points were automatically included in the head models. Conductivity values identical to those used in adults (scalp: 0.33 S/m, bone: 0.0042 S/m and brain tissue 0.033 S/m) [Cho et al., 2015; Odabaee et al., 2013; Roche-Labarbe et al., 2008] were initially used. Many factors remain unknown, such as the conductivities of immature tissues, the impact of CSF and the presence of the fontanelle in premature infants. Parallel studies conducted in the laboratory [Azizollahi et al., 2016] suggest that the incorporation of a CSF layer is essential in premature infants, as in adults [Ramon et al., 2004; Rice et al., 2013; Vallaghe and Clerc, 2009; Vorwerk et al., 2014] . To minimize the risk of misinterpretation, the impact of bone conductivities with or without CSF on localization of the TTA-SW generators was evaluated (see below). As the impact of the fontanelle is considered to be relatively limited away from the fontanelles [Azizollahi et al., 2016; Gargiulo et al., 2015; Lew et al., 2013; Roche-Labarbe et al., 2008] , the fontanelles were not included in our model.
Digitization of EEG electrode positions and coregistration. The position of the electrode setup was obtained after digitization by an infrared method [Koessler et al., 2011 ] using a phantom adapted to the size of the head outside the incubator. To maintain the same position of the electrodes, the same two mounted caps were used for all children in each group throughout the recording period.
The digitized positions of electrodes were then combined with the head models for each child, by matching with the anatomical markers. After coregistration on the appropriate head models, source localization was performed for each patient and according to each hemisphere.
Source localization methods. Source localization consists of solving the inverse problem by defining the location of the generator using the electrical activity recorded from the surface by scalp EEG electrodes. Several localization methods are available. The sources of the average TTA-SW were estimated by a discrete source localization method (Dipole fitting). The Dipole Fit method is a method of iterative inverse localization providing a unique source with coordinates, amplitude and orientation, based on the assumption that the recorded activity is due to a unique generator located in a limited area. The activity in each area is therefore linked to that of a single dipole [Baillet et al., 2001] .
As functional connectivity analysis has suggested that the impact of TTA-SW is limited to small temporal areas [Adebimpe et al., 2016] , TTA-SW were assumed to arise from a single source and do not spread in large networks. Single rotating dipoles were therefore used for dipole fitting and were expected to indicate a location close to the cortex. Dipole fitting using rotating dipoles generally provides stable and reliable source localization for the time interval of the event. The orientation and amplitude are determined by the best-fit latency. Source reconstruction solutions were projected onto the original 3D MRI images. For each data set and for the two head models source localization was calculated by using dipole fit on each selected event and then on the average of the events.
Scanning methods used for source localization consider each volume element in the brain area and estimate the probability of the presence of a current dipole in this position. To minimize misinterpretation due to the source localization method used, the dipole fit and Music methods were both considered.
Given the dual innervation of the cortex during this period of development [Kostovic et al., 2011] and to take into account possible involvement of the subcortical plate, we measured the Euclidean distance of TTA-SW relative to the surface of the scalp in each group to evaluate possible changes in the depth of generators according to age, using the equation:
where D is the Euclidean distance expressed as the square root of the sum of squared differences between x, y and z components for each position. As the temporal activities occurred in coalescence with a slow wave, suggesting a special temporal relationship between two coupled generators, for which temporal theta activities always precede slow waves, the two generators were therefore localized separately.
Localization of dipoles in each patient
First, to eliminate ultra-slow waves that subtend physiological activities at this period of development and which are related to other mechanisms, 2 and 0.6 Hz high-pass filters were applied for TTA and SW source localization, respectively. Second, for each patient an averaging of the TTA and of the SW was performed separately with a time window around the peak of TTA and SW (20.3 to 10.8 seconds) which were detected manually. Third, a second time window surrounding the peaks (270 to 70 ms) was selected.
Then, TTA and SW source localization were carried out using the dipole fit method implemented in ASA V R software package (ANT Software, Enschede, The Netherlands) [Zanow and Knosche, 2004 ] from the average TTA and SW for each patient and for each hemisphere. Secondarily, in order to evaluate the dispersion of the dipoles in each group, a cluster of dipoles in each group of patients and each hemisphere was constructed for TTA and SW and reintroduced into the realistic head model adapted to age.
Data interpolation and localization of dipoles after grand averaging per group
In order to compare data across groups and to perform grand averaging of TTA and SW across patients, a cubic interpolation for each HD-EEG was performed on a 64 virtual electrode setup. To evaluate the errors of source localization due to data interpolation, the positions of the dipoles were checked before and after interpolation. After interpolation, data were grand-averaged over patients per group and per hemisphere. A new time window was selected, as previously described, surrounding the peak of the TTA and SW. Dipole source localization was then performed after grand averaging. To avoid misinterpretation due to the inverse method used, the MUSIC scanning method was also performed to compare source localizations between the two methods using the same time windows and the same head models.
The depth of the dipoles was calculated on the MRI coronal section passing through the dipole, using the coordinates of the dipole and the intersection with the cortex of the line joining the dipole and the cortex following the orientation of the dipole.
The Euclidean distance between these two points was then determined and compared according to the various conditions (age, conductivity, head models).
Impact of Conductivity on the Position of the Source
Changes in bone conductivities
The impact of conductivities was assessed in the group comprising the largest number of preterm infants (Group 2).
As the conductivities of various newborn tissues, including bone, are unknown, we assumed that newborn skull conductivity would be situated between the standard adult value of 0.0042 S/m and the extreme value of cerebral conductivity (0.33 S/m) [Geddes and Baker, 1967; Goncalves et al., 2003; Roche-Labarbe et al., 2008] . Two situations were therefore considered:
Situation 1: the bone conductivity value corresponds to that described in adults, that is, 0.0042 S/m [RocheLabarbe et al., 2008] . Situation 2: as the bone of newborn infants is in the process of ossification, its conductivity is probably higher than that of adults. In order to assess the maximum error due to bone conductivity, we considered an extreme situation in which the bone conductivity is equal to that of other soft tissues: 0.33 S/m (situation 2a) [Roche-Labarbe et al., 2008] . A conductivity value between these two extremes (0.16 S/m) was then applied (situation 2b).
The conductivity value of the scalp and brain tissue were considered to be similar to those used in adults (0.33 S/m) [Cho et al., 2015; Lanfer et al., 2012; Odabaee et al., 2013; Vorwerk et al., 2014] .
The positions (x, y, z) of the dipoles were compared according to variations in conductivity. Euclidean distances between the dipoles were calculated for the various conditions.
Impact of cerebrospinal fluid
The CSF is an important layer both in adults [Ramon et al., 2004; Rice et al., 2013; Vallaghe and Clerc, 2009; Vorwerk et al., 2014] and in term neonates [Azizollahi et al., 2016 ] and probably has a major impact on source localization. To check for errors of source localization related to the use of a 3-layer head model without CSF, a 4-layer head model was computed from the same 3D head model (UCL Head model). To specifically study the impact of inclusion of CSF, the conductivities of the scalp, skull and brain tissues were set at 0.33, 0.0042 and 0.33 S/m, respectively. As CSF conductivity is unknown in preterm infants, we considered 5 conductivity values for CSF, ranging between the conductivity of the skull (0.0042 S/m) and the conductivity of CSF in adults (1.79 S/m) [Cho et al., 2015; Lanfer et al., 2012; Odabaee et al., 2013; Vorwerk et al., 2014] . between 26 and 32 wGA (Fig. 3) , demonstrating that TTA-SW are not auditory-driven at this age.
TTA-SW Source Localization
The resulting activities of the two generators (temporal theta activities and slow waves) were localized to the same temporal electrodes on HD-EEG recordings (Fig. 1) . Furthermore, as previously described [Lamblin et al., 1999] , the amplitude of TTA decreased with age, suggesting an agerelated change in the activity or position of the generators.
An average of 68.3 6 29.6 right TTAs and 84.9 6 20.6 left TTAs were selected for each premature infant (see Table II ). The dipole fit method for each patient using conductivity values of 0.33, 0.0042 and 0.33 S/m for the scalp, skull and brain, respectively, suggested that TTA and SW were subtended by two generators located in the posterior part of the superior temporal sulcus (STS) with an upward orientation directed toward the centre of the brain in each patient (Goodness Of Fit, GOF 5 87.7% 6 5.4%). To assess the impact of age, the source localization of clusters of dipoles were analysed according to their Euclidean distance from the surface as a function of age (Table II) . On both sides, the dipole positions of TTA were located significantly deeper (t-test, P < 0.0006) in the youngest infants [26-30 wGA] (group 1: 12.8 6 3.1 mm vs. Group 2: 6.1 6 2.8 mm).
Individual data from 64 electrodes were interpolated to represent sources according to a single reference system in each age-group, independently of the number of electrodes used. After evaluating the effect of interpolation (Euclidean distance before and after interpolation: 5.6 6 8 mm), grand averaging was performed to localize the generators of TTA on age-matched head models (Fig. 4B) . Regardless of the group and the side, the dipoles were located in the .5 6 0.7 17.8 6 6.6 Left 15.1 6 1.7 17.7 6 2.9 13.8 6 0.6 Total 15.2 6 3.1 14.8 6 3.4 15.4 6 3.1 Mean distance of the dipoles of the individual TTA from the cortical surface (mm) Right dipoles 9.9 6 4.2 12.6 6 4.8 7.3 6 2.6 Left dipoles 7.9 6 3.9 13.1 6 1.1 5.3 6 2.6 Total 8.8 6 4 12.8 6 3 6.1 6 2.8 
Impact of Tissue Electrical Conductivity on Source Localization
As bone conductivity is unknown in preterm infants and could impact on source localization, the effect of bone conductivity (Fig. 4C ) was studied on averaged data by measuring the Euclidean distance between the positions of the sources for conductivity values of 0.0042 S/m, 0.16 S/ m and 0.33 S/m in the oldest premature infants (group 2). An increase in bone conductivity caused a maximum Euclidian displacement of the source, still located in the posterior part of the STS, of 9.5 mm toward the centre of the cortex (y direction) for conductivity values of 0.0042 versus 0.33 S/m (x 5 0.6 mm, y 5 9.3 mm, z 5 21.8 mm) and a displacement of 9.2 mm for conductivity values of 0.0042 versus 0.16 S/m (x 5 0.5 mm, y 5 8.9 mm, z 5 22.5 mm), while the displacement was only 8 mm for a conductivity of 0.16 versus 0.33 S/m. As expected, the magnitude of the dipole decreased when bone conductivity increased (35.9-27.7 nA for 0.0042 S/m vs. 33 S/m and 35.9-24.6 nA for 0.0042 S/m vs. 0.16 S/m) with no change To assess the impact of CSF, the head model used for the older infants (group 2) was further segmented into four layers including CSF, with conductivity values ranging from 1.79 S/m (reference CSF conductivity in adults) to .33 S/m [reference brain conductivity in adult (no CSF)] (conductivity of the scalp, skull and brain were kept constant). In all cases, the dipole of group 2 remained located along the STS (GOF: 84.8% 6 5.8%). Including CSF in the model displaced the dipole toward the surface of the brain (y 5 20.1 and 33.5 mm for conductivities of 0.33 and 1.79 S/m, respectively) and caused a maximum Euclidian displacement of the source, still located in the posterior part of the STS, of 22.7 mm (x 5 29.7, y 5 20.1, z 5 18.8 for 0.33S/m and x 5 26, y 5 33.5, z 5 37 for 1.79 S/m). As expected, considering the Y direction, the higher the conductivity of CSF, the more the distance from the source to the surface decreased and the more the magnitude of the source decreased (Fig. 5) .
Impact of the Time-Window on Source Localization
To ensure that selection of the time window within the TTA did not influence source localization, the source of the generator was localized from the ascending slope, descending slope or the entire period surrounding the TTA (Fig. 4C) . TTA source localization was not affected by the time window selected after grand averaging (Table   III) . Only the orientation of the dipole was reversed according to whether the ascending portion or the descending portion was selected.
Impact of the Head Model on Source Localization
To ensure that the position of the dipole was independent of the head model, source localization was performed by the dipole fir and MUSIC methods on a third segmented MRI of a 30 wGA premature infant. Analysis by these two methods did not alter the relative positions of the sources with respect to the surface, or their position along the posterior part of the STS (Fig. 4D) .
Impact of Various Inverse Approaches on Source Localization
To ensure that source localization was globally independent of numerical methods, the Euclidian distance between the centre of the Music area and the coordinates of the dipoles was evaluated to be about 7 mm (x 5 216.8, y 5 20.4, z 5 0.00 and x 5 217.9, y 5 26,9, z 5 22.9 for Music and dipole fit, respectively. Regardless of the methods used, the source was still located in the posterior part of the STS, although slightly deeper with Music than with Dipole fit (Distance to the surface of the brain: Music: 10 mm, Dipole Fit: 4.4 mm) (Fig. 4D ).
DISCUSSION
Regardless of age, conductivities, head models, the mathematical models and the method used to select timewindows for analysis, sources of TTA-SW were located beneath the structures involved in discrimination of phonemes and voices as early as 28 wGA in preterms (Mahmoudzadeh et al., 2013] including STS and planum temporale. These sources became closer to the surface during development, and were always located beneath the cortical plate.
Endogenous TTA-SW Independent of Sensory Inputs
The development of sensory abilities of neural networks depends on successive mechanisms, such as (i) anatomical and functional genetic coding independent of sensory information, (ii) spontaneous endogenous electrical activities independent of sensory information and (iii) finally a refinement of the functionality of the networks by sensorydriven electrical inputs.
TTA-SW generators are therefore active (1) after establishment of peripheral hearing functionality (23 wGA), (2) before or concomitantly with the occurrence of brainstem evoked potentials (25 wGA), (3) before invasion of the cortical plate by thalamic afferents (28 wGA) and (4) before Spontaneous electrical activities, independent of sensory inputs, are generated throughout the auditory pathway even before the onset of hearing. In the inner ear, before the development of effective auditory function, K€ olliker cells located in the cochlea spontaneously depolarize and, in turn, depolarize inner hair cells that promote the emergence of periodic action potentials in spiral ganglion neurons [Kilb et al., 2011; Tritsch et al., 2007; Zhao et al., 2009] . These spontaneous activities appear to be genetically encoded and participate in implementation of the final functional organization of the cochlea [Kilb et al., 2011; Tritsch and Bergles, 2010; Tritsch et al., 2007] . At the cortical level, pre-wiring of the structures involved in language processing, anatomical/functional asymmetry [Dubois et al., 2008 [Dubois et al., , 2014 Leroy et al., 2011] and various discrimination abilities [Mahmoudzadeh et al., 2013 are likely to depend on an initial genetic fingerprint. Endogenous oscillations and waves have been reported in the thalamorecipient auditory cortex in immature animals, with an incidence of 0.4-5 waves/min, and a mean instantaneous firing of 6.4 6 1.3 Hz similar to that observed for TTA-SW in this study [Kotak et al., 2007 [Kotak et al., , 2012 . These spontaneous auditory cortical activities in rats and gerbils precede the onset of hearing and gradually disappear following the initiation of sound-evoked response when low-frequency sound cues are first perceived [Kotak et al., 2007 [Kotak et al., , 2012 . TTA-SW that are also independent of sensory stimuli at this period of development have the same temporal dynamics as the spontaneous auditory cortical activities in animals. They also gradually decrease in amplitude from 28 to 32 wGA and then progressively disappear following the establishment of thalamocortical connections and the onset of hearing, after or concomitantly with the emergence of long latency cortical evoked responses [Mahmoudzadeh et al., 2013 and the onset of delta brush generators [Wallois, 2010] . Whether this endogenous activity is derived from peripheral endogenous cochlear waves, as proposed for retinal waves that trigger spindle bursts in the visual cortex, is unknown [Hanganu et al., 2006] .
TTA-SW Source Localization
It is currently unknown whether the subplate is the site of the TTA-SW generator. The subplate is a temporary structure that represents most of the foetal forebrain with a maximum thickness around 28-32 wGA and which then gradually decreases [Kostovic and Judas, 2010] . A parallel can be drawn between the progressive decrease of subplate thickness and the position of TTA-SW, which was found to be deeper for the group of younger infants. In addition, together with subplate thickness, the incidence of TTA-SW decreases after 28 wGA [Wallois, 2010] . Unlike the cortical plate, the subplate is an area of early synaptic activity at this stage of development . In vitro, from 20 and 21 wGA, this structure is able to generate endogenous activities independently of sensory inputs [Lamblin et al., 1999; Moore et al., 2011] . This early activity of the subplate plays a crucial role in the development of the nervous system, with a functional role in the guidance, migration, neuronal differentiation, axonal growth, synaptogenesis and neurotransmitter activation of ionic channels indispensable in the preparation of the future brain functions [Ayoub and Kostovic, 2009; Kostovic et al., 2011; Moore et al., 2011; Ulfig et al., 2000] .
The micro-architecture of the subplate neural organization, with neurons oriented perpendicular to the surface of the brain [Sarnat and Flores-Sarnat, 2002] , should not result in closed electrical fields not accessible to EEG [Judas et al., 2013; Zhao et al., 2009] . However, while thalamic afferents have not yet completely reached the cortical plate, the subplate plays an intermediate role in the development of the functionality of cortical structures [Zhao et al., 2009] and its axons can activate the still limited number of still migrating cortical neuronal networks, but already oriented perpendicular to the cortical surface and therefore likely to produce dipoles that could be recorded by scalp EEG. Our data are in accordance with recent results from neocortical slice cultures, suggesting that the subplate may act as a pacemaker region to generate network activity [Lischalk et al., 2009] . Several experimental findings support the contribution of subplate neurons to the generation of network oscillations in vivo. Current source density analysis of spindle bursts has revealed the generator of these nonspecific early oscillations within the subplate [Yang et al., 2009] .
However, very localized appearance of TTA-SW dipoles, regardless of age, adjacent to the STS, the planum temporale and the temporoparietal junction suggests that TTA-SW are related to a very specific feature. They might be involved in the implementation of auditory, language, memory, attention and or social cognition convergent functions [see Carter and Huettel, 2013 for a review], and does not simply represent a general interaction between the subplate and the cortical plate. At the temporal level, data obtained in thalamocortical slices in vitro suggest an active role for the subplate in the generation of spontaneous cortical activity in the auditory system [Zhao et al., 2009] . This functional and local specificity of TTA-SW is further supported by the poor functional connectivity of temporal structures with other brain structures in premature infants [Adebimpe et al., 2016] .
By analogy with endogenous spontaneous activity in the developing cortex, spontaneous TTA-SW generators would reflect the general properties of the neuronal population interconnected by electrical and chemical synapses [Adelsberger et al., 2005; Conhaim et al., 2011; Garaschuk et al., 2000; Gonzalez-Islas et al., 2010; Shatz et al., 1990; Tritsch and Bergles, 2010; Wong, 1999] . They would therefore participate in the development of the auditory network, while the original targeting and segregation of inputs in auditory structures would be related to genetically encoded guidance, as described elsewhere. TTA-SW generators are also highly specific to the auditory cortex and differ from delta brushes [Chipaux et al., 2013; Colonnese et al., 2010; Milh et al., 2007] by their frequency content, their time of onset, and their specificity to temporal, temporoparietal junction-related areas only. These features support the idea that different activity patterns (TTA-SW vs. Delta brushes) can sequentially influence different functional attributes or aspects of map refinement, as in retina where some features of waves drive retinotopic refinement while other features drive eye-specific segregation [Xu et al., 2011] .
CONCLUSION
Temporal theta activities correspond to a spontaneous transient endogenous activity generated by temporary structures, independent of sensory information at this period of development and well localized to participate in the implementation and future functionality of the entire auditory, language and memory, attention and or social cognition convergent networks.
